A wedge-shaped micro vortex generator is placed on a flat plate over which a turbulent boundary layer at Mach number 2.5 is developed. The interaction between an oblique shock wave and high-speed vortex rings in the MVG controlled ramp flow is investigated by using a high order implicit large eddy simulation with the fifth order bandwidth optimized WENO scheme. The vortical structures are visualized using the Omega identification method proposed by UTA researchers. By tracking several typical vortex rings before, when and after they pass through the shock front, the quantitative changes of flow properties are studied in detail. It shows that the spanwise vorticity takes a leading role in flow propagation, the reflection shock gets distorted when hit by rings and recovers quickly afterwards, and a number of weak shocks exist around the vortex rings due to the shock ring interaction.
Introduction
Supersonic flow is very different from subsonic compressible flow in that the flow is dominated by shock waves, typically on the order of 10 −5 cm, across which the flow properties can change dramatically 1 . These shocks interact with the boundary layer and increase its thickness, resulting in large energy and total pressure loss, degraded engine system performance, and potentially flow distortion and separation. The traditional methods to control shock boundary layer interaction, like wall suction and bleed, are on the decline because bleed systems are heavy and complex, decrease mass flow to the engine and introduce additional drag 2, 3 . Lately, vortex generators are frequently employed to improve the boundary layer health because of their low weights and mechanical simplicity. These passive devices introduce streamwise vortices which transfer high momentum fluid from the freestream to the boundary layer and remove low momentum fluid from the near-wall region 4 .
MVG (Micro vortex generator) is a low-profile passive control device designed for the boundary layer control. It can reduce the flow separation in compact ducts to some extent and control the boundary layer separation due to the adverse pressure gradients 5 . In contrast to the conventional vortex generators whose heights match boundary layer thickness, MVG has a smaller size (a height approximately 20-40% of the boundary layer thickness), longer streamwise 2 American Institute of Aeronautics and Astronautics distance for the vortices to remain in the boundary layer, and therefore better efficiency of momentum exchange 6 .
The interaction of a vortex with a shock wave is one of the fundamental problems in fluid dynamics. In a supersonic flow, when a vortex meets the shock, disturbance is generated, which propagates further downstream and results in the back-reactions such as increase or decrease of vorticity and deformation of the shock wave. Such shock vortex interaction is important in the practical analysis and design of supersonic airplanes, missiles, rocket engines, wind tunnels, etc. Compared with the classic studies [7] [8] [9] , the shock wave and vortex ring interaction of the MVG controlled ramp flow is different in the followings: 1) the interaction is a more complicated three dimensional case rather than the two dimensional counterpart; 2) the interaction is viewed as an instantaneous phenomenon rather than in a time-averaged sense; 3) the interaction happens within or close to the boundary layer and the separation region where large scale vortices exist.
The shock ring interaction controlled by the MVG poses great challenges for numerical flow simulations 10 . Lee et al. showed that Reynolds-averaged Navier-Stokes (RANS) computations are not very well suited for these kinds of problems and deliver results that deviate significantly from experimental data 11 . Large Eddy Simulations (LES) on the other hand produce results that are much closer to the experimental evidence 12 . In this paper, we will use LES to investigate the three dimensional shock ring interaction for the MVG controlled supersonic ramp flow by tracking several vortex rings during the process of passing through the shock.
Numerical Methods and Code Validation

Numerical methods
The implicitly implemented LES method and the fifth order bandwidth-optimized WENO scheme are used to solve the unfiltered form of the Navier-Stokes equations at M = 2.5 and Re = 5760. Flows around MVG are studied with trailing edge declining angle 70°. The computational domain is shown in figure 1 , where 0 represents the incompressible boundary layer thickness. The grid of the system is n streamwise × n spanwise × n normal = 1600 × 128 × 192. The readers are referred to our previous papers [13] [14] [15] for the details about the governing equations, the MVG configuration, the grid generation, etc. The periodic boundary conditions are applied on the spanwise direction. The adiabatic, zeropressure gradient and no-slip conditions are enforced on the wall boundary. On the far field and outflow boundaries, the non-reflecting boundary conditions are adopted. The fully developed turbulent inflow boundary conditions are generated by 20,000 turbulent profiles from our DNS simulation 16 . Figure 2 shows the inlet velocity profile in log-coordinates agrees well with the analytical profile from Guarini et al. 17 on the same cross section. 
Vortex visualization
The Omega identification method is used to visualize the vortex structures in the present study. Ω is a ratio of vorticity squared over the sum of vorticity squared and deformation squared, i.e.,
where is the symmetric part of velocity gradient tensor ∇ �⃗ , is the anti-symmetric part and ε is a small positive number to avoid division by zero.
Vortex is defined when vorticity overtakes deformation or Ω > 0.5. The iso-surface of Ω = 0.52 is utilized to represent the vortex surface and further the vortex structure of the flow field 18 . As shown in figure 3 , a chain of vortex ring structures are identified originating from the apex of the MVG by the Omega method. The mechanism for the vortex ring generation could be the Kelvin-Helmholtz type instability. The loss of the stability on the shear layer would result in the roll-up of the vortices, which appear as ring-like structures in the 3-D view 13 .
According to our analysis 19 , a dynamic vortex model is given in figure 4 (left). The dominant vortex near the MVG is the primary vortex underneath which there are two first secondary counter-rotating vortices. These vortices will merge into the primary vortex when they propagate downstream, while the new secondary vortex will be generated under the primary vortex and travel with the speed of sound. This dynamic vortex model is mostly confirmed by the experimental work of Saad et al. 20 American Institute of Aeronautics and Astronautics 
Comparisons with experiments
Our numerical discovery of the vortex ring structure is confirmed by the 3-D particle image velocimetry (PIV) experiment conducted by Sun et al. at Delft University 21, 22 . Comparing the two results in figure 5 , we can find the similar distributions of streamwise and spanwise vorticity components, which prove the existence of the ring structures. Figure 6 demonstrates the instantaneous numerical schlieren on the central plane from LES. Lu et al. 23 at UTA used the PIV and the acetone vapor screen visualization to track the movement of the flow. It is found that a chain of vortex rings exist in the flow field behind the MVG, which is the same as shown in our LES results. Figure 7 gives a qualitative comparison with the experiment done by Babinsky et al. 4 in the time and spanwise averaged velocity profile behind the MVG. An agreement is achieved. 
Investigation on Shock Ring Interaction
A chain of vortex rings are generated from the trailing edge of the MVG (figure 3). These rings propagate further downstream and interact with the impinging shock wave, eventually distorting the structure of the shock wave. Although the shock is badly distorted, the vortex rings are persistent and do not break up during the interaction. In figure 8 , the ring structures in green are visualized using the Omega method 18 and the shock, measured by the pressure gradient, is identified by the red iso-surface.
Figure 8. Shock ring interaction behind the MVG
To study the flow properties and reveal the mechanism, we track one typical vortex ring before, when and after it hits the shock front starting from the time step t = 450000. We cut off the central plane on which the cross section gives the large scale vortices. The circled red spot represents the ring head being tracked and the black contour lines represent the presence of the shock wave ( figure 9 ). Figure 10 shows the four critical time steps during the shock ring interaction. The vortex ring hits the shock front in part (a). When the ring is passing through the shock, the vortex structure is slightly distorted. The vortex ring does not break down by penetrating the strong shock and even maintains its original topology very well. This means that, for the 3D shock boundary interaction, shock rarely affects the vortex structure. However, the shock begins to get distorted in part (b) and soon becomes broken in part (c) due to the interaction with the rings. At a later time step, the upper reflection shock recovers but the lower separation shock keeps getting distorted by the chain of vortex rings continuously coming from the upstream. The outer region of the separation zone looks quite chaotic as shown in part (d). Since the boundary layer separation is induced by the shock wave, it is argued that when the shock wave disappears, the shock-induced flow separation will be reduced 6 . 
Influence of the interaction on the oblique shock American Institute of Aeronautics and Astronautics
Influence of the interaction on the vortex ring
We observe the flow properties of the above ring head for consecutive 20 time steps starting from t = 450000. The quantities are recorded for the points of the largest Omega value which means the rotation is very dominant. Figure 11 shows the position of the ring head throughout the interaction. We see that the ring is traveling downstream and rolling up due to the ramp. Figure 11 . The position of the vortex ring When the flow passes through the shock wave, its properties such as pressure, density, energy, velocity and vorticity will change discontinuously. As the ring travels downstream, its pressure gradient suddenly jumps from 1.5 to 5 at around X = 21, which means the appearance of the shock (figure 12). It is interesting that a number of weak shocks are found around the rings after the strong shock. This is because the rings are rotating very fast with low pressure centers and can be viewed as solid bodies; when the surrounding flows move to the rings, the pressure decreases dramatically thus a shock wave is formed. Figures 13 and 14 give the distributions of density and energy of the vortex ring as time evolves. These two quantities keep increasing due to the heat and energy transport during the shock ring interaction. There is a jump at the position of the shock (X = 21). Figure 13 . Density of the ring Figure 14 . Energy of the ring
The velocity profile of the ring during the shock ring interaction is given in figures 15. The streamwise velocity of the ring head is decreasing throughout the interaction, which means the ring is hold back by the shock. There is a discontinuity at the position of the shock, but the overall movement of the ring is not affected by the interaction with the shock. The increase of the wall normal velocity shows the ring is rolling up gradually. The vorticity distribution during the interaction is shown in figure 16 . The main finding is that the spanwise vorticity is taking the leading role when the ring travels downstream, since the vorticity magnitude basically follows the same track of the spanwise vorticity. Vorticity is related to the average angular velocity of a rotating body. Although the wall normal vorticity increases in time, the spanwise vorticity is dominant as a decreasing trend indicating that the American Institute of Aeronautics and Astronautics rotation of the vortex ring is not as fast as before it hits the shock. This fact is further confirmed by the distribution of the Omega value in figure 17 . From the definition, large Omega means vorticity is more dominant. Thus the decrease of Omega demonstrates that the rotation of the vortex ring is not as strong as before. 
Conclusion
The interaction between the oblique shock and vortex rings for the MVG controlled ramp flow is studied using our LES data. As the flow passes through the shock, its properties will change discontinuously. By tracking a vortex ring at consecutive 20 time steps, it is found that the spanwise vorticity takes a leading role in flow propagation, the reflection shock gets distorted and even destroyed after hit by rings, and a number of weak shocks exist around the rings. It is American Institute of Aeronautics and Astronautics possible that the interaction creates substantial unsteadiness in the upstream region of the separation zone. This unsteadiness may produce the impression of a reduced separation zone.
